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SHAPED CRARGE PERFOPJ4WE WITH LIAR ?MP D .JUMS (u)

(corwilerm)ABSTRACT

Experimental results are described which show that orthodox spin-

c.A,'ye.ntating liners, with flute depth a linear function of lin-tr radius,
produce compensation at different rotational frequencieo, for various elements

of the liner. As a result of thiq dispersion in optimu frequencyp the wrxtmum

penetratice obtained at the mean optium frequency of the liner is less than

the potential penetration that could be reeaQzed from a given charge design.
A higher the spin rate for which such a liner is designed, the graoter the

dispertkion and the lower the attainable renetration.

The experimental observations are analyzed to show the means by which

dispexs~.on can be reduced or elidinated, and penetration at high spin frequen-

cies aaterially improved. Expianatlon of earlier failures in attempts to

apply spin eT,.,rsation to HEAT rmnds is also derived frcm the results.
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(cOm IAL) I. IMMUDU'rTION

It has baen knivn for many years that the penetration produced by a

rotatcd, metzl-li ned shaped charge is greatlv reduced from its non-rotated

pe.fo omance 1. .he reason is clear from the flash radiograhs of Jets

producei by non-rotated and rotated bnaped charge liners, shown in Figure

1. The non-rot'ited chargt- produo.cs a .J-t that remains coherent and concen-

trated along the che.-ge axis. rhe JOt from the rotated charge has a radial

spread of particles, which re3ults in a decreas3 in the depth of penetration

in the target material. The c.iuse of the spread of the jet lies in the

requtreynent that the angular mcn'nturn of the metal liner must be conberved

during the processes of liner co2lapne and Jet formation. This results in

ce-rtrif -aL forces that spread the Jpt, +huq causing the energy of the Jet

to be dissipated oer a larger a-rea of the target surface (2). A typical

curve of penetratior as a ftnc-ion of rotational frequency IL shown in

Figure 2.

Several methods have been devised to modify the shaped charge liner to

re4uce or eliminate the deleterious effect of spin on penetration. This

report will be concerned with the mcst tented method - the use of straight

flutes impressed in the outer and inner surfaces of the liner (3). Photographs

of a smooth and a fluted liner are shown in Figure 3. A cross-section of a

fluted liner with the vftrious desigm parameters listed and defined is shown

in Figure 4.

The principle behind spin _ompensation is to divert a very small portion

of the energy )f the detonating high explosive to impart, to the material

icrmin ?. jet , t, tengcntiel zcmpon-nt of "'r."ity which w1ll countepract

that Introducred by the initial rotation. 7" the ai.eL tangential velocity

component of each sertion of the linE.- is equal "I cporite to its tangential

velocity due to rotation, the liner wiiL collapse &nd form a Jet as if the

liner wexr smooth and hal no iitial rotation.

Refe'rp to references listed at end of report.

5
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The tangential velocity irparted to an element of a conical l1ner dt-

to ita rotation io proportional to its distance from the liner axis, Vtf 2,:rv

where:

Vt = taneutial velocity due to liner rotation

r - radial distance from liner axis to element o liner

v a frequency of rntation of liner

In alLost all of th. tests on fluted linera to date, the flute depth

has been varied linearly from a nomtnAl zero valve at the gemetric cone apex

to a maximum at the cone base.

(4)Previous investigators have stated that tLe sl'zi' "linear" flute

(i.e., a flute whose depth is a linear function of line, radius) was not the

idel denign, and that a uon-linestr flute design was Doccssary. In the initial

experiments, however, no method was available for determining the idenl design,

no: that the simplest flute, from the point of view rf" production, was adopted.

This results in a design such that the variour rij elements of a liner do not

have the same optimum frequency and do not all give their maximum potential

1zntrn--ttion at any given frequency. The inteerate d result for the entire cone

is that the maximm penetration (at the mean optimum frcqaency of all the ring

elements) is considerably less than the potential penetration. The higaer the

spin frequency at which a liner is designed to operate, the greater the dis-

persion in optimum frequencies for the various elements, and the lover the

total penetration. Theoretically, an ideal flute shoula eliaiate dispersion

in optimum frequency and a flut/%d liner should rrovide penetration equal to

tCAt of a similar 3mooth liner fired without rotation.

The pu-pose of the current reser(h program in sp.n compenEation is to

investigate the validity of the basic hypothesis that all elements of a given

linear fluted liner are not compennated at tne same spin rate and to de.

termine what modfications in flute design ar- required to reluce or elimtnate

dispersion at high rotational frequencies.

6
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The experimental results rniprted herein co)nsist of observation e Lrs.ne

by fihradiographic techniques (5) 6 ), radioactive Lrv'"r mthais (7),(n-t n) (I0)
and penetration-rotation firing

(COW nVEMTIAL) I1. £ii D0:31GN

The series of flute6 liners .'v tiFnted were manufactured bv the Thomas

Industries, Inc., Fort Atkiason, W scot-sin imn#er Contrac. Nc. DA-.022-RD-

2147. The liners were part of a roup of five scaled sizes that varied in

diameter from a nominal one inch u t'yve inches. The sizes specifically

experimented with are those derignated BL--, and BMt-4. rertinenr drawings

and specifice4 i s for liner 6emi g are Thoas Industries Draving No. 464008,

and Carnegie Institute of Technology Drawing Ilumbers 1455 tr -u l460, and 1389a.

The charge design is illustrated in Figure 5.

The design prameters for a linear fluted cone axe shown in Figure 4. The

group of liners (42o apex angle) lescribed herein will be represented by the

nomenclature of a BRL-1 (as an example): 0.945 (0.035)(16x.000) (SS)(

IEL-I, 0.945 describes the No. 1 scale liner with a cone liameter of 0.945

inches; the number 0.035 represents the average wall thickness (perpendicular

to the walU) in inches; the figures (16x.0100) represent the number of flaten

and flute depth at a datum plane near the base of the liner (these liners have

16 fluten ^nd h.ve ,rn s--- felit '--.-s-., depth of 0.0100 inches et the

base datum plane); the nomenclature (S,S) refers to the method of manufacture

(the liners were fluted hetwen matching metal fluted tools); the symbol 8

refers to the relative angular indexin3 of punch and die. For each series,

ten index angles and the smooth parent liner were testod. Since the~e

liners are from a scaled series, the representative nomenclature for BRL-3

and MI-4 sizes ar-:

Eo.3, 2.835 oao5 (16x.ooo) (s,s)

I
The liners were asnembled into scalei casings; thc confining wall

thickanesm and&11 othe-r dimnsions, and ieight of uomposition B high ex-

plosie filler, were (3aled.

'7
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(COWnI&WrIAL) nT1. EXPLIMirrAL RESULTS

With the (S,S) type linear flute, the direction of optmum compensation

freqoency for best performanice vartes with the index angle (I), the con-

"ntion adopted for the sign of rotation direction is the following: A

rotation is considered positive if the exterior offset surface leada the

canted surface; it Is npgatic if the otfset curface trailm the canted eurface.

The arrow above the flute profile in Figure 4 indicates a positive rotation.

With this convention in sign, a revercel of the flute orientation does not

change te sign of the optimum frequency, although the actual direction of

rotation in a fixed cocrdinate system is thereby reversed.

A. Penetration-Rotation FirJ,,w.

The penetratim-rotation fir. go were conducted at Erie Ordnance Depot

under the supervision of Firestone Tire and Rubber Co. (10) (Contract No. DA-

33-019-0RD-2355). The optimmu frequency versus index angle for the MIL-3 and

BRL-4 liners are shown in Figure 6, along with the normlized penetrations

versus index angle for the two sizes. The penetration by the parent smooth

liners, unrotated, in represented by the dashed line. The maximrum penetr.tion

and optimum compensation frequency for each index angle t-re shown in Table 1.

8
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TABLE I

Optimum Spin-Ha&..e aid Maximtu Penetration(
u, 'arious Inde.- Angles for BHL No. 3 an4j HRL No. 4 Chares (IO)

HtN,3. 317 BRI No. 41

Ind" A e Spin Penetration Maximum Spin I Detration MaximuS
(degrees) Rate into mild eeuctrat.on Rate into Mild Pentrfttion

(RPS) steel i: Cone (RPO , Steel in Cone
(inches) D) ametrs (inches) Diameters

at Opttm at 0ptimu=
Spin-Rate --

0 0 1.6 4.80 +50 18.0 4.T5
1 +50 1.7 4.05 +30 20.6 5.44

2 +15 15.2 5.38 0 20.5 5.4o

4 -35 14.6 5.15 -35 19.6 5.17
6 .50 14.o 4.95 -4:) 19.0 5.01
8 -50 14.o 4.95 -35 18.o 4.75

10 -25 13.6 4.r) -2c 17.8 4.68
14 +15 12.5 4.41 +15 15.8 4.18

18 60 12.4 4..3 +40 16.0 4.22
21.5 +80 4.88 +65 18.5 4.88

Control Non- 16.6 W.on- 22.1 5.88
Smooth rotated , rotated
Liver ll -,,

9
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One ,bserves in Figure 6 that the optimum frequency falls from a max [mum

Puoitive value at an index angle of' 21.50, crosses the zero frequency axis

at an index angle between 20 and 30, changes sign and proceeds to a maximum

negative value at about 70; it retiunn to zero, reverses sign again and

increases to its positive mnxiwum.

The penetrations into mild steel by smooth BRL-3 and BRL-4 liners are

16.6 inhas and 22.3 inchts, reapectively. The top curve in Figure 6 shows
that the efficiency of compensation (i.e., the percentage of penetration of

the smooth parent liner) .ij greatest (92. for both sizes) with index angle 20 .

However, at this index angle, tne optimum c.,ripensation frequency is low

(appruxiLtely zero rpc). The degree of compensation at the maximum neative

value of compyensation frequency (r - 70) is 85%, and at the maximum positive

value of frequency ( a 21.50) is 63%. It chcul!d be noted that there is no

simple relationship between optimum frequency and efficiency of compensation.

For example, a magnitude of 30 rix can be obtained with the 4C liners at index
0 0angles of (approximately) 10, 5", . O , and 16 degrees. The corresponding

compensation efficiencies are, respectively, 82, 91%, 80%, and 734.

Differences become much greater when liners are designed for higher frequen-

cieli.

B Flash Radiogr!phy.

The experimental plan rcquirz/ the use of samples from each group of

liners for flash radiographic observatioa. Triple flash radiographs of Jets

from eazh type of liner were obtAt1.nd et each of several rotat.onal frequen-

cies at time int e-vals of 115, 165, and 17m .icroteconds after detonation.

Elements alorg the Jet vwie examined fo- indications of compensation, and the

compensation frequencies of the front, center, and rear portions of the Jet

were estimated. Jet elements that were ;ontinuous or only slightly fragmented

were consideread to be compensated at the test frequency, whereas jet elements

that were badly fragmented or bifurcated were considered uncompensated. The

photograph of the Jet in free flight could be observed over the range of

.. era nch- to 52", which le the fPll length of the x-ray film caaAter.

10
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Ela.h rndiograr-hli Jlus trottlg the variation in optimum frequenc) jing

the Jet are zhz.'n in Figure 7. For an index angle of zero degrees the rear of
the Jet is compensated at 120 rps (Figure Ta), the front of the Jet at )O rps

(Figure Tb). For the 60 index anglc, the optimum frequency for the front of

the jet is -100 rps (Figure 7c), and -2Q rps for the rear o the Jet (Figure

[d).

The data showing the compensation frequency of elements of the ERL-3 and

IRL-4 liners, as deduced from flnxh radiographs, are found in Table II; the

spin rate vereus relative position of Jet el1ment is plotted in Figure 8. For

irodex , .rgles that produce compensation in the positive region of frequency,

+he front of the Jet compensates at a lover frequency that the rear. For

index angles that compensate in the negative rigic, the front portion of the

Jet corpensates at a higher (absolu'.e value of) freqtency than the rear.

The optimum rotational frequency versus index angle, and the pene'ration

versus index angle, .xe plotted in Figure 9 for the linear fluted liner (ERL-3).

Curves a, b, and r. represent the rear of the jet, the middle of the Jet, and

the tip of Jet. rtespectively. Comparison with Figure 6 shows tat the "mean"

curve obtained fron penetration obrervations lies between those representing

the middle of the Jet end the rear, as would be expected for short standoff

penetrations. The penetration curve (d in Figure 9) illustrates that the

maximum penetration oncurs when the dispersion in optimum frequency between

front and rear of the jet is at a minimum (index angle region of 2°).

C. Redioactive Tracer Te-chniques.
The avplication of radioactive tracer isotopes to the study of shaped

charge phenomena was Initially ia~vestigated at Carnegie Institute of'
(7) (9)Teehnolofy . Recently Mr. M. K. Gainer of the 11L, in cooperation

wiih Dr. V. Lamb and Mr. H. I. Salmon of the Nationstl lureac of Standards
(8), has refined the techniqies to warrant Its use as a researc'" tool with

fluted liners.

Silver (Ai ii0) is electrodeposited in bend-s at p-redeterml-c Ositio=V

on the inside of the liner. The locations of the bands were l/". 1", 1 1/2",

2", 2 1/2" and 3" from the bottom of the liner flange to the near edge of

the band; the locntions are designated A, B, C, D, E. and F, respectively.

CONfFIDEhTIAL
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TABU. II

Comensation Frequencies
Determined from Flash Rsdigraphs of Jets

LINEIR COMFEMSATION FREQUENCY (RPS)

1'PE Index Front c,. Middle Portion Reer oz
Angle Jet of Jet Jet

3C 00 60 8o 120

1 o30 145 75

20 10 20 145

40 -80 -6o -20

60 -90 -60 -20

100 -70 45 ",

21-1/2' 70 I100P I 120

Flute Depth - .030", Wall Thickness = 0.105"

4C 0 30 50 75
10 15 20 60

60 -90 -45 *.15
21-1/20 45 75 90

Flute Depth = .040", Wall Thickness o O.14o"

12
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The approximate thicknebs of radioacttve deposit varied from 0.00004" to 0.0012".

The activtty of Ag 110 v~ried from .500 to 170 aki,.ro curies. The band width was

ncminally 1/16" + 0.003". A group of liners were plAted with single radioactive

bands, while other liners w'tre plated with six bands.

Rtadioctirely taJ~ged liriera c: tLe EdU-'+ li±er-riuted j 1.e -n.L

60) were fired into mild steel target plates (12" x 1." x 1") 'nd t..c de;th

reached by the tagged zonal element was determined by radioactive fs3&af . tht

plates. The relation between penetration depth and position of a zo-&l

element in tVe lincr was obta.ned in t:is manner.

The results of firLngs of the tracer-tagged liners are given in Table III,

and are plotted ini Figure 10. The greatest contribution to penetration (for

the charge design used) is produced by the liner zone 1/2" to 1" from the base

of the cone (total inside cone height 1 1/2"). The penetration effectiveness

of each zone changes, however, as the frequency is varied. At the low frequen-

cies of rotation (0 to -20 rps), the greatest penetration is produced by the,

first 1/2" zone from the base. As the frequency is increased (in the negative

direction), the -.ooe from 1/2" tv 1" of the base becomes predominant. This

condition remains throughout most of the useful frequency range of this charge,

which has its mean optimum frequency in the region of -45 rps to -55 rps at a

12" standoff. At a frequency of -75 rps, the zor,. 1" to 1 1/2" from the base

produces the greatest part of the penetration, but the total penetration is

consideratbly decreased.

These results substantiate the radiographic observations (for index

angles that give a uegatve optimum compensation frequency), which show that

the indications of compensation shift from the rear to the tip of the jet as

the frequency increases from zero in the negative direction (Figure 7c and 7d).

This would account for the shift in penetration effectiveness from the base

toward the apex es the frequency changes in this manner.

The dominant role of t.e lower portion of the liner in penetration by

heavily confined charges has been predicted on theoretical grounds, but the

degree to which it predominates, as evident from the tracer results, is

1r
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nonetheless surprising. The sum of the maximum penetrations for the various

zones at their respectie ',+4imum frequencies is greater than the total

penetration by the smooth parent liner fired non-rotated. The values of

pen etration for the zones 1/2" to I" at -45 rps, and 1" to 1 1/2" at -75 rps

are undoubtc2.4 h igh, ;j3umably due to experimental error. With refinements

in experimental techniques, it is expected these values will be lowered.

Tt'~E rii

LocaLL-.z (Aistance from top of target) of elements of

r-.'Aioac(ivo taggeel liners in target. BRT-4 linoar-fluted

lirers (60 index angle), rotated; standoff, 12"; target,

stacked 12" x 12" x 1" mild steel plrt-P.

SPIN-RATE (RPS)
Cone .-Element .. 0 '.20 5 I " - 51 . -75 -1-901 -100 .1.-9L

D, E, F All bands located in first target pla

C 2" 2" 2"_ " - -2- .2

B 4" 4" 4" 4" 5" 12" - --

A _" 10" 1T" j '19" 20" 17" - -

Total 7-1/2" 1.2' 18"1 19-1/4" 20/1/2" 17-1/2" 10"16-112" 6-/4
Penetration

(Col in TIAL) IV. DISCuSstON
A. Modilfication of Flute Design

The experimental results described in the foregoing s',ctioni clearly

demonstrate the validity of the hrthesis which has constituted -h.. foc3

point of recent work in spin compensation: The loss in penetration in

designing linera for higher cpin rates has been due to an increasing

dispersion in optimum frequency of the liner elements. O.urprisingly, however,

the direction of *v.lation of tho magnitude of optimm frequency along the

liner depend3 upon the direction of the impulse - i.e., upon the index angle.

CONFIDENTIAL
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The observations serve as wnrp C.,n qualitative substantiation of the

hypothtsis; they &Inn Tr.,ride the datr- necessary to correct the f!,.,.s design

and reduce or eliminate dispersion. By correlating the radiographic and

radioactive tracer &dAa, one obtains the representation shcwn in Figure 11

for the relation between tho tanp'.nilrl velocity due to rotation and that

produced by the compensating impuJ ne, for linwra cmpensating in the 1-'o:ltive

sense (index angle 21.50). Initial spin rate has _e,"n chosen so that the base

of the liner would be compensated, but 'e remainder of the liner benefits

only slightly fro& the £tuting at that spin rate.

Since the ccnensating impulse is a linear function of flute depth

tne modificaticn in flute design needed to remove the dispersion can also be

deduced. The result, for this particular situation, is shown in Figure 12.

A liner having a non-linear flute of the design indicated should afford

compensation at a spLn frequency of 120 rpi, with little dispersion and,

consequintly, little loss in penetration - if the current correlations ere

accurate.

*Similar results obtained for a liner designed to compensate in the negative

sense (indrv angle 60) am shown in Figures 13 and 14. In this case, the non-

linear flute indicated would provide compensation at a frequency of only -40
rps, using the same maximxm flute depth as in the previous cse.

The results of this anerilis show a clear preference for liners having

index angles that pr(uce compensation at positive rotational frequencies,

in order to obtain high frequencies without excsi~rve flute depth. In pAst

work, with linear flu~es, index angles of the order of 6 to 70 gave beat

result.; because of the less dispersion aong elements contributing most to

penetration.

Th* anticipated performance charecteriitics of liners having the

suggestcd non-linear flutes are illustrated in Fi&.uree 15 and 16. In each

case, the d. spersion of optimum frequency is reduced end penetrastio i

increaued, relative to a liner having linear flutes, over a range of index

angles adjacent to that ior which the flute is designed. At other indcx

angles, performance is poorer than that obtained with linear flutes.

15
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B. interaction Between Comvensation Fret: -ncy Dispersion &nd Effects
of Conf tnement.

In 1951 the Pica tnny Arsenal attempted e adapt to the M307 , 57mm JfMAT

round, fluted liners that had been tested and found to perform ,.tiu1Mctorily

by Carnegie Institute of Technology. The results obtained were exLrevely

disaDpointing and only conjectural explane.tions vould be given at the time.

In the courea of the application, the conditions under which the liners

were use4 were significauuly changed. In the initial laboratory telSt3 st

Carnegie Institute or Tec!-oWgy, the cb.arges had been confine, in relatively

light t-dles, irndf- of thin-walled aluminum; the standard M307 HEAT shell, on

the otber hand, is a relatively thiLk-valled steel body. The results

describ.d in this report provide a ready and an entirelf plausible explanation

for the drastic difference in performance between the laboratory tests and Vie

firings with the shell boies.

The effect of the change in confineert upon the collapse of the liner is

represented schematically in Figure 17. In tae plot are shown tvu curves of

the velocity of liner collapse as a runction of position on the liner - one.

for lightly confined charges and one for heavily confined charges. The effect

of the increased enfinement is to produce a more nearly steady-state collapse

in the upper portion of the liner and to increate the rate of change of

collapse velocity in the bottom portion. A3 a consequence, th,: jet formed by

a heavily confined charge has little gradient in the front bt t a very large

gradient at the rear. The contribution to penetration by the front portion

of the 4+, is corrspondingly reduced (especially at short standoff) and the

contribution by lower pirtions of the liner is considerably increased. Figure

18 ohoms exrpriwntal data (9) for similar charges fired with light confinement

and viti ve,.' heavy confinement. The plot shows the contribution to penetration

per unit height of liner as a funct ion of the position of the linez element.

For the lightly confined charges, the peak occurs at a point between 60 and 70%

of the distance from apex toward base of the liner and the curve is cu' bromd,

Fo: the Leavily .onfined charges, the peak occurs at a point anproxiately 95%

of the distance from apex to base and the rise and fall of the curve are quite

sha p.
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If it is absumed that the ttu.gentfa]. component of collapse velocity for a

linear flute in pA'oportional to the resultant colapse velocity as shown In

Figure 17, the reason for drastically lifferent performances ot lig.hi!, confined

and heavily confined cl huen 'v!, be -eadily seen. By ccmparing Figure.- 17 and

18, it is evid-nt that the Z-ttce.+ '-- -Ibu'lon to penetration by the heavily

conf t charge is leriv-.d frcm a portion of the liner in whicl the cczpensation

freq'-.icy io varying mont rapidly with position on the liner. As x consequence,

it can be expected that the most important pert of the jet fron the heavily

confined charge will suffer a great deal of dispersion in optimum frequency and

s.ivere depg.Crticn iz ILu penotratirg atility. Or. the other hnd, fr" the

lIgbtly confl n . charge the rate of change of optimum freqiency with posi 4 ion

is relatively slow for th, portion of the liner contributing the major part of

the penetration, and the dispersion would be expected to be relatively; slight.

Consequently, for the situa.ion represented in Figures 17. cd 18, it woula be

expected that from a given liner a greater total depth of penetraticn would Le

obtained from a lightly confined charge than from a heavily confined charge.

For this same situation, however, it could be anticipated that the mea

optimum frequency would bte somewhat gr .ater for the heavily confined. than for

the lightly confined charge.

It is clear from this type of reasoning that the relttive -performance of

lightly confined and heavily confined charges cont aining the same fluted liner

will be sensitive to details of charge design and the consequent variations in

the collapse velocity and the compensation impulse curves. I* is eLtirely

feasible to design conditions under which tne heavily confined charge would

produce a lover mean optimum frequency than the lightly confined charge, or

a greater total depth of pen,?tration at the mean optimum frequency, or even

both.

For purposes of application of the spin-compeasated liner, the important

conclusion drawn from the above arguments is that a liner intended for use in

a hea~ ly confined round mus . be espacially desl&ged for those conditions and

tested in rounds that prov-,dV ppri.tey t_h, sa-- degree of confina-ment as

the ultimate shell body. Figure 19 represents, schematicaly, the "Apropriate

curves of flute derth versus position of cOment to provide coip.nsation -ith

minim.u elisperston f - lightly confined and heavily confined charges,

respectively, assumLng conditions as represented by Figure 17.
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(CONFIrEIAL) V. CONCUJSGIONS

The conclusions derived fro the observations and analysis described in

the foregoing are, briefly, as folloii:

(1) The basic hypothesis of tho- current research p: ogram on spin

ccmpensation has been proven vYOid. It has been shown thftt fluted liners

hav-ing flute derth increasing linearly with liner radius do not compensate at

a single rotational f equency. at least in orthodox chargem.

() The suggedted nethod of overcoming the deficiency of orthodox flute1

liners is +o chauge the relatioship between flute depth and liner radius.

Instead of the linear relationship, a non-linear relationship is needed.

(3) The type of modification to the linear flute design is illustrated in

Figure 20. Fur liners that intrinsically compensate in the (arbitrarily

defired) positive sense of rotation, a relationship as illustrated by the upper

curve would be appropriate; for liners that compensate in the negative sense of

rotation, the lower curve would be appropriate.

J. ESII4OM

R. DIPERSIO
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